RESEARCH LETTER

Pheochromocytomas and pituitary adenomas in three patients with MAX exon deletions
Dear Editor,
Understanding of the genetic pathophysiology of endocrine tumors has advanced significantly and mutations in many causative genes are routinely sought. New syndromic associations among endocrine tumors have also been identified. These novel associations are important to recognize in order to direct screening appropriately. For instance, pheochromocytomas and pituitary adenomas can rarely occur together, usually due to germline SDHx mutations (Dénes et al. 2015 , Xekouki et al. 2015 , Guerrero Pérez et al. 2016 . Despite a multitude of known genetic risk factors, many unexplained cases of multiple endocrine tumors exist (O'Toole et al. 2015) . New causative genes and other genomic mechanisms affecting previously identified genes need to be considered during diagnostic workup.
Copy number variations (CNV) are an important mechanism in inherited tumor genetics. CNV can affect large genetic regions or can be limited to deletions of single exons. Such exon-level intragenic deletions have been reported in connection with genes associated with isolated and syndromic endocrine neoplasia (Bayley et al. 2009 , Ricketts et al. 2010 , Zatelli et al. 2014 . Identification of single exon deletions can be challenging. Techniques like multiplex ligation-dependent probe amplification (MLPA) and quantitative PCR are generally available and can identify CNV (e.g. deletions) of individual exons in cases where sequencing results are apparently normal.
Mutations in the MAX gene are associated with a risk of sporadic and hereditary pheochromocytoma and are also implicated in kidney tumors (Comino-Méndez et al. 2011 , Burnichon et al. 2012 . Recently a large deletion including the MAX promoter and exons 1 and 2 was identified in a family with bilateral pheochromocytoma and renal oncocytoma (Korpershoek et al. 2016) . Using MLPA we studied six sporadic cases with multiple endocrine tumors that were negative on NGS panels and Sanger sequencing for known risk genes. Patients provided their consent and the study was approved by the Ethics Committee of the CHU de Liège. We identified three patients with pheochromocytomas and pituitary adenomas who had germline heterozygous MAX exon deletions.
Case 1, a male patient, initially presented aged 32 years with a two-year history of gradually worsening headache, sweating and palpitations in association with severe hypertension. He had no known family history of endocrine tumors. Plasma epinephrine and norepinephrine and urinary norepinephrine, normetanephrine and vanillyl mandelic acid (VMA) levels were all markedly elevated. A 42 × 36 × 40 mm right adrenal lesion was identified on MRI and was histologically confirmed as a pheochromocytoma following a right-sided adrenalectomy (Fig. 1A) . He was asymptomatic for many years. He presented again at the age of 49 with painful right-sided gynecomastia without galactorrhea; he denied headache and had no visual symptoms. His blood pressure was 133/80 mmHg and his resting heart rate was 70 beats per minute. Hormonal testing revealed hyperprolactinemia (1372 IU/L; normal range: 85-325 IU/L) and low free testosterone; other hormonal axes were normal. On MRI, he had an 8 mm pituitary microadenoma (Fig. 1B) . A diagnosis of prolactinoma was made, and he responded well clinically and biochemically to cabergoline 0.5 mg/week. Eighteen months later, the patient developed malaise, headache, sweating and palpitations with hypertension (133/100 mmHg) and a resting heart rate of 80/min. VMA, norepinephrine and normetanephrine were elevated. Abdominal MRI showed a 13-mm diameter nodular lesion close to the position of the previous right adrenalectomy. MIBG scintigraphy was negative. The lesion was resected and was confirmed histologically as a pheochromocytoma. Sequencing for RET, VHL, SDHx genes, CDKN1B, AIP and MEN1 was negative. During follow-up, the patient had a large (20 mm), hypo-echogenic thyroid nodule identified. Calcitonin levels were normal. Scintigraphy showed no uptake in the nodule, and fine-needle biopsy was negative but due to the history of endocrine tumors, he elected to undergo total thyroidectomy and the histology was benign.
Case 2, a female, presented originally aged 26 years with symptoms of acromegaly including acral enlargement. She had no family history of endocrine tumors. On investigation, she was found to have elevated growth hormone (GH) and insulin-like growth factor-1 (IGF1) secretion and an invasive pituitary macroadenoma was identified on MRI (Fig. 1F) . As the tumor could not be completely surgically resected, the patient elected to receive a long-acting somatostatin analog in combination with cabergoline and later pegvisomant. She underwent radiotherapy and at long-term follow-up, she was clinically and biochemically controlled. At the age of 35, she presented with edema, shortness of breath and episodic severe perspiration. On examination, she was severely hypertensive and investigations revealed elevated plasma catecholamines and 24-h urinary normetanephrine levels. Imaging revealed mass lesions in both adrenal glands consistent with pheochromocytomas ( Fig. 1G ), which were confirmed histologically following bilateral adrenalectomy. Further investigation for other tumor sites revealed a single thyroid nodule (9 mm). Calcitonin levels were normal. The thyroid lesion was determined to be a follicular variant of papillary thyroid cancer. She underwent total thyroidectomy, with clear lymph node and neck dissection. Given the history of tumors in three endocrine glands she underwent genetic testing for pheochromocytoma-paraganglioma, pituitary and MEN syndrome genes but no pathological variants were found.
Case 3 was a male patient with no family history of endocrine tumors who presented at 16 years of age with acral enlargement suggestive of acromegaly. He had elevated GH levels and a pituitary macroadenoma was identified. He underwent a gross total resection of the pituitary adenoma and received postoperative radiotherapy, which led to clinical and biochemical control of acromegaly and hypopituitarism that was substituted. At the age of 22, he was noted to be markedly hypertensive during follow-up, and upon investigation, elevated VMA levels and urinary noradrenaline were noted. Imaging revealed an enlargement of the left adrenal gland, which was confirmed as a pheochromocytoma following surgical resection. However, the patient remained hypertensive with elevated urinary catecholamines post-operatively and at second surgery a residual pheochromocytoma was identified. He remained symptom free but on antihypertensive medication. Eleven years after his initial pheochromocytoma surgery, he developed elevated levels of VMA and plasma norepinephrine. Thoracic and abdominal CT revealed a 35 × 40 mm lesion on the right adrenal and a 42 × 30 mm lesion at the surgical site of the left pheochromocytoma (Fig. 2E) . He underwent adrenalectomy, which confirmed the presence of bilateral pheochromocytomas. Investigations for pheochromocytoma-paraganglioma, pituitary adenoma and MEN syndrome risk factor genes were negative. During follow-up, the patient developed metastatic deposits from the pheochromocytoma and he died due to disease progression.
As sequencing of known risk factor genes for pheochromocytoma, pituitary adenomas and MEN syndromes was normal (including MAX), we undertook MLPA studies using available kits for SDHx, VHL, MEN1, CDKN1B, AIP and MAX (details available on request). Two of the patients demonstrated germinal heterozygous deletions of single exons of MAX: exon 3 (Case 1; Fig. 1D ) and exon 4 (Case 3; Fig. 2G ). Case 2 had a germinal heterozygous deletion of MAX exons 1-3 and intron 3 ( Fig. 2A) . SNPs on the probe hybridization sites were excluded by sequencing.
Immunohistochemical staining of the pheochromocytomas from all three patients demonstrated loss of nuclear staining for MAX (Figs 1C and H and 2H) . As shown in Fig. 2B and C, genetic analysis of tumor DNA from the left-and right-sided pheochromocytomas of Case 2 demonstrated that there was a homozygous loss of MAX exons 1-3 and intron 3 indicating a second genetic 'hit' at the normal allele and loss of heterozygosity. In contrast, DNA analysis of the thyroid carcinoma showed the MAX exon 1-3 deletion was present only in the heterozygous state. In support of this, the thyroid carcinoma retained positive nuclear staining for MAX, indicating that the nonmutated allele was not lost (Fig. 2D) . Pituitary tumor tissue from Case 3 was not available for immunohistochemical analysis. Family screening studies identified the inheritance of the same MAX exon 3 deletion in the asymptomatic 30-year-old son of Case 1.
Co-existence of pituitary adenomas and pheochromocytomas-paragangliomas is rare (termed 3PA syndrome by Xekouki et al.) and is usually associated with SDHx mutations, although genetically negative cases exist (O'Toole et al. 2015 , Xekouki et al. 2015 , Guerrero Pérez et al. 2016 . We have shown that MAX exon/intragenic deletions might also explain this pituitary adenoma-pheochromocytoma association. MAX MLPA should be considered in such syndromic cases and in pheochromocytoma cases where a genetic cause is sought, as individual MAX exon deletions are generally not identifiable on sequencing (Figs 1E and 2F) . Including a recently reported case from Roszko et al. with a MAX mutation (Roszko et al. 2017) , pituitary adenomas have been described in four cases of germline MAX exonic deletions or mutations; they may either precede or follow the appearance of a pheochromocytoma and can have variable secretory characteristics (acromegaly (n = 2) or prolactinoma (n = 2)). The two somatotropinomas were early-onset, large, invasive tumors at diagnosis. Although a definitive tissue-based relationship between pituitary adenomas and MAX exon deletions/mutations remains to be shown, screening studies of pheochromocytoma patients and relatives should take into account the potential for the occurrence of pituitary pathology. In addition, exon deletions in MAX can be inherited. MLPA or other techniques to identify discrete MAX exon deletions should be considered in individuals and kindreds with pheochromocytoma that are negative following comprehensive sequencing and NGS panel testing.
